Reactive magnetron sputtering was used for deposition of thin Gd-doped ceria (GDC) films on porous NiO-YSZ (nickel oxide-yttria stabilized zirconia) substrates. X-ray diffraction and scanning electron microscopy were used to study the effect of cathode peak power density on 5-7 μm-thick film's microstructure and surface morphology. It was shown that peak power density (changed from 52 to 490 W/cm 2 ) has an effect on the crystallite size, microstrains and texture coefficient of the GDC electrolyte. Increasing peak power density suppresses the columnar structure of deposited films and leads to formation of more continuous and denser films. As a result, anode-supported single cells with sputtered at room temperature GDC electrolyte were fabricated and demonstrated maximum power density of 1.07 W/cm 2 at 750 °C.
INTRODUCTION
CeO2-based electrolytes are considered as an alternative to zirconia-based electrolytes for intermediate temperature solid oxide fuel cells (IT-SOFC), because they have higher ionic conductivity at 500-700 °C and their cost is lower in comparison with LaGaO3-based electrolytes [1, 2] . Sm 3+ -and Gd 3+ -doped ceria possess the maximum conductivity among ceria-based ceramics [2] . In addition, fabrication of thin film electrolyte also reduces the resistance to ionic migration, resulting in high performance of SOFCs at relatively low temperatures [3, 4] . Operation at low temperatures is preferable because arises opportunity to use cheaper stainless steels for interconnectors, the mutual diffusion and thermal mismatch between electrolyte and electrodes are reduced [5] . Thin-film CeO2-based electrolytes are usually fabricated by physical and chemical vapor deposition techniques, such as electron beam evaporation [6] , pulsed laser ablation [7] , sputtering [8] , spray pyrolysis [9] , metal-organic vapor deposition [10] and others. It is considered that relatively low deposition rates and high equipment cost are characteristic of the vacuum deposition methods in comparison with traditional methods of ceramic layers formation (screen printing, electrophoretic deposition, tape calendering, tape casting) [11] . Despite this, vacuum methods have a number of unique advantages, which are not typical of traditional methods. For example, very thin, fully dense layers may be fabricated at low temperatures. In order to obtain oxide films of reproducible composition radio-frequency (rf) magnetron sputtering of ceramic targets is usually used [12] . But this method has such disadvantages as very low deposition rates; expensive power supply and additional impedance matching circuitry; the difficulty of scaling onto large-area substrates. Reactive magnetron sputtering is often used technique for deposition of dense gadolinium-doped ceria electrolyte. Although this method also has disadvantages, such as discharge hysteresis and low deposition rate in oxide sputtering mode [13] . For instance, GDC often used as barrier layer between the strontium-doped lanthanum cobalt oxide cathode and zirconia-based electrolyte [14, 15] . Fonseca et al. [14] have shown that magnetron sputtering of GDC layers with bias applied to the substrate allows obtaining microstructures denser than those obtained without bias. This is result in increasing of electrochemical properties of fuel cells. It has been shown that the combination of substrate heating and the substrate bias is an effective method of the GDC layers microstructure controlling. However, there is not enough information about the influence of plasma ionization degree on the properties of sputtered GDC films. In sputtering processes, high degree of ionization of sputtered particles has been shown to positively influence the deposition of films with dense structure [16] . Therefore, high power impulse magnetron sputtering (HiPIMS) has attracted a great deal of attention because the sputtered material is highly ionized and high plasma concentrations (in the order of 10 12 -10 13 cm -3 ) are observed [17, 18] . Recently, Sønderby et al. [19] have demonstrated that application of HiPIMS allows producing dense YSZ electrolyte films on porous anode substrates. In the present work, thin films of Gd-doped ceria electrolyte were deposited by reactive pulsed magnetron sputtering in pulsed-DC and HiPIMS regimes at room temperature on porous anode substrates. The aim of this work was to study the influence of cathode peak power density on the thin films microstructure, crystallite size and texture, as well as performance of single cells with thin-film electrolyte.
EXPERIMENTAL
Ce0.9Gd0.1O1.95 thin films were deposited by pulsed magnetron sputtering on the commercial NiO-YSZ anodes (SOFCMAN, China). Before the deposition, the substrates with a diameter of 20 mm were ultrasonically cleaned sequentially in pure isopropyl alcohol, acetone and distilled water. Subsequent cleaning of the substrates was performed in vacuum chamber by sputtering using an ion source with closed electron drift (produced by Institute of high current electronics, Russia). Ion treatment lasted 10 min at a discharge voltage of 2 kV and discharge current of 100 mA. The residual pressure in the vacuum chamber was 1.0⋅10 -3 Pa, while working pressure was 0.25 Pa. Argon and oxygen flows were kept constant at 11 and 4 sccm, respectively. Substrate was located at 8 cm distance over the target. Deposition was performed on the stationary substrate with a constant average discharge power of 1 kW at different peak power densities for metallic Ce-Gd target (90:10 at.%) with a diameter of 100 mm.
Magnetron was connected to APEL-M-5PDC or APEL-M-HIPIMS power supply (Applied Electronics, Ltd.) to work in pulsed-DC or HiPIMS mode, respectively. Before the deposition series, the dependence of discharge voltage on oxygen flow rate (voltage hysteresis loop) for the sputtering system was measured. The GDC films were obtained in the transition mode of sputtering. In this mode, located between the metallic and oxide mode, high deposition rate and stoichiometric films are observed. In order to study the influence of deposition parameters on the properties of sputtered GDC films, three sets of depositions were performed, the parameters of which are given in Table 1 . Samples obtained in these three regimes, are referred to hereafter as S1, S2 and S3, respectively. As the repetition frequency is decreased from 100 to 2.5 kHz, the pulse duration is increased from 10 to 50 µs in order to keep the same time-averaged effective power (1 kW). Respectively, the peak power density and peak discharge current increased from 52 W/cm 2 to 490 W/cm 2 and from 8 to 80 A. The deposition time was chosen in such a way to form films with the thicknesses of about 5-7 μm. All depositions were made at room temperature. But the actual deposition temperature of GDC was far higher than room temperature due to substrate heating by the bombarded Ce/Gd/O atoms, but did not exceed 100-200 °C. Current and voltage waveforms (pulse shape, voltage and current amplitude) were measured by a Hioki 2006 current probe and a Hoden H-9258R voltage probe, respectively, and fixed by a digital oscilloscope (LeCroy WA 1002). A spectrometer (AvaSpec-2048USB2) was used for registration of plasma radiation from the magnetron discharge in the range of 237-792 nm with a spectral resolution 0.7 nm. The optical emission spectroscopy (OES) signal was collected perpendicularly to the magnetronsubstrate axis by an optical fiber. The spectra were taken at a distance of 30 mm from the target (the time of integration was equal to 100 ms).
The morphological and structural characterizations of deposited GDC films were studied using SEM (FEI Quanta 200 3D) and XRD (Shimadzu XRD 6000) with CuKα radiation source in grazing incidence geometry, respectively. The Scherrer formula was used to estimate crystallites size. A texture coefficient R [13] was used to quantify the XRD results. It was defined as the ratio of the intensities of the largest peak to the sum of the intensities of all peaks. As the diffraction pattern contains (111), (200), (220), (311) peaks, the coefficient R of the most intense (111) peak is:
The value R=1 means preferred (111) orientation, and R=0.57 corresponds to the random orientation.
La0.6Sr0.4CoO3 (LSC) cathode (KCERACELL CO., Korea) was screen printed onto the GDC electrolyte and fired in situ during the cell test start-up. Thickness of sintered cathode was about 60 µm. The active area of the single cells was 10×10 mm. Electrochemical investigations were performed in testing setup [20] in the temperature interval of 600-750 °С at constant supply of dry hydrogen to the anode (150 ml/min) and air (400 ml/min) to the cathode. Glass sealant was used to obtain gas tightness. For all single cells with electrolyte deposited in different regimes, at least two identic cells were tested.
RESULTS AND DISCUSSION
In order to understand plasma processes taking place in particular deposition regimes, it is necessary to use plasma diagnostics. Optical emission spectroscopy allows investigating the variations of ionization degree between the different sputtering regimes. Fig. 1 demonstrates the optical emission spectra of Ce and Ar neutrals and ions measured during reactive pulsed magnetron sputtering of Ce-Gd target at different peak power densities. Neutral and ionic Ar (Ar 0 : 763.5 nm, Ar + : 480.6 nm) and Ce (Ce 0 : 500.91 nm, Ce + : 418.66 nm) peaks were selected for comparison the degree of ionization in the different sputtering regimes. The intensity ratios of ionic to neutral species were shown in Table 2 . As can be seen in the table and Fig. 1 , sputtering in HiPIMS regime with peak power density of 490 W/cm 2 allows obtaining plasma with a noticeably higher ionization degree than in pulsed-DC regime with peak power density of 52 and 100 W/cm 2 , because the ionization degree of both Ar and Ce increases with the power density increasing. The plasma produced in pulsed-DC regime is composed basically of argon neutrals and a small amount of cerium neutrals and ions. Ar 0 peaks are mainly located in the wavelength region 700-780 nm. In HiPIMS regime the intensity of the Ar 0 lines in this region decreases, but the intensity of the Ce + and Ar + lines in the region of 400-550 nm sharply increases. Neither O nor O2 pronounced emission lines were observed in the spectra because the intensity of these lines is very small in comparison with the lines of argon.
Figure 1.
Plasma emission spectra during the magnetron deposition of GDC films at different peak power densities.
Owing to the increase in the degree of ionization, the deposition rate of the films in the HiPIMS regime decreases as is often observed (Table 1) . This is one of the drawbacks of HiPIMS regime, because part of the sputtered material is partially ionized and returns back to the target under the influence of an electric field [19] . Fig. 2 shows the X-ray diffraction patterns of as-deposited GDC films. The results of XRD analysis of as-deposited GDC films were compared with JCPDS-PDF no. 75-0162 to confirm the individual phase. All peaks in the diffraction patterns are indexed as GDC. This confirms formation of films without any undesirable phases. The films contains mainly of (111) textured GDC, while minor peaks of (200), (220) and (311) orientation are also observed. This is typical for thin films deposited by magnetron sputtering [13] . Texture coefficient increases with increasing peak power density (Table 3) Crystallites size was calculated using the Scherrer formula. Crystallites increased from 9 nm to 11 nm with peak power density increasing (Table 3) . However, the microstrains (ɛ0 = Δd/d) are decreased from 3.8×10 -3 at P = 52 W/cm 2 to above 3.2×10 -3 at P = 490 W/cm 2 . Previous studies have shown the crystallites size has an impact on the ionic conductivity [21] and has been investigated as a way of increasing ionic conductivity. Jung et al. [21] shown that YSZ thin films with nanocrystalline structure demonstrate unpredicted improvement in conductivity in contrast with the microcrystalline material. Nevertheless, the influence of grain size on conductivity is still discussed, because some dispersion is observed in the reported data. Studies of strain-induced fast ion conduction have shown that stresses in films can affect their conductivity. A small tensile stress could increase the conductivity [22, 23] , but compressive stress leads to a decrease in conductivity [24] . The XRD diffractograms show that the increase of peak power density improves the texture of GDC thin films. This is indicated by the fact that the (111) peak increases more sharply compared to other diffraction peaks. The (111) orientation in the oxygen ion conductors leads to the best electrical conductivity [25] .
The SEM images of as-deposited GDC films cross-section (Samples S1-S3) are shown in Fig. 3 . It can be seen, that all deposited layers are rather dense, although a columnar film structure is observed in sample S1. In films deposited at higher power density (100 and 490 W/cm 2 ), the columnar structure is not visible. The columnar structure is typical for sputtered films even on dense flat substrates and arises from islands, formed at the initial stage of film growth [26] . On the porous substrates, the columnar structure of the sputtered films is even more pronounced. In our case when the substrates were not specially heated, microstructure of GDC thin film should correspond to the Zone 1 of the Thornton structure diagram. In the low temperature Zone 1 the ratio between the substrate temperature and the film material melting point (T/Tm) is lower than 0.3. In this zone films usually have a structure with parallel columnar crystallites oriented perpendicular to the substrate [27] . The surface of such films usually has a cauliflower-like structure [28] . In our case all deposited films have rather smooth and dense surfaces without intercolumnar voids even on porous substrates as is shown on Fig. 3, d for Sample S3.
During magnetron sputtering without applying a substrate bias a strong ion mixing process isn't possible. Therefore, the dense microstructure of films deposited at room temperature substrates may be caused by radiation enhanced diffusion. Diffusion coefficient can increase several times due to the fact that the Ar ion bombardment during film deposition creates vacancies. Besides, interaction with plasma could heat the substrate surface to temperatures up to 200 °C, which in turn could increase diffusion [13] . The films grown under higher peak power density become denser, because ion bombardment the growing film increases adatom mobility and leads to the disappearance of voids.
These conclusions are confirmed by the performance of single cells with sputtered GDC electrolyte. Fig. 4 shows typical current-voltage (I-V) characteristics of single cells S2 and S3 with GDC electrolytes sputtered at peak power densities of 100 W/cm 2 and 490 W/cm 2 , respectively, measured in the 600-750 °C range. The open circuit voltage (OCV) of cell S1 was between ∼0.68 V and ∼0.7 V (Fig. 4, a) . The maximum power density ranged between 0.25 W/cm 2 at 600 °C and 0.49 W/cm 2 at 750
°C. The I-V curves have convex shape, typical for ceria-based electrolytes [3] . Cells made with YSZ electrolyte have I-V curves with concave shape in low current density region. The observed convex curvature and low OCV values are connected with the mixed ionic-electronic conductivity of GDC [29] . The measured power densities are within the range of state-of-the-art anode-supported SOFC with GDC electrolyte, reaching ∼0.5 W/cm 2 at 650 ºС [9, 30] . Usually cells with GDC electrolyte are not tested at temperatures above 650 °C due to a strong decrease in the OCV as a result of reduction of ceria from Ce 4+ to Ce 3+ at high temperatures. However, our results show that the use of a GDC electrolyte with an LSC cathode does not lead to a significant decrease in the OCV, and it is possible to achieve a significant increase in cell performance when operating at 750 °C, where YSZ electrolyte is usually used. 
CONCLUSIONS
Plasma during pulsed reactive magnetron sputtering of Ce0.9Gd0.1O1.95 films was characterized by optical emission spectroscopy. Emission spectra taken in the transition mode of reactive sputtering revealed distinct changes in plasma composition in the vicinity of the magnetron target when peak power density increases. Increasing of peak power density is followed by a decrease of Ar 0 intensity and an increase of Ce + , Ce 0 and Ar + intensity.
The results show that thin film GDC electrolyte can be obtained on NiO-YSZ anode substrates by reactive magnetron sputtering from a Gd-10 at% Ce alloy target at room temperature without posttreatment in air. The GDC electrolyte films were dense, crack-free, and 5-7 μm in thickness. The peak target power density has a big impact on the microstructure, growth rate and the performance of the electrolyte. Peak power density increasing from 52 to 490 W/cm 2 gradually suppresses the columnar structure of deposited films, promotes formation of a denser films. This was caused by the more intense bombardment of a growing film with ions, which led to increased adatom mobility. Increase of the peak target power density enhances the degree of ionization of both Ar and sputtered material. Therefore, anode-supported single cell with sputtered at higher power density GDC electrolyte has improved electrochemical characteristics. The results show that the peak power density is an important parameter of the sputtering process that improves the quality of Gd-doped ceria electrolyte for IT SOFCs. Maximum power density as high as 1.07 W/cm 2 was measured at 750 °C.
